It is well recognized that proper control of traffic speed can contribute to both a reduction in accidents and improved efficiency of freeway operations. Regarding the real-time traffic congestions, a variable speed limit (VSL) control system along freeway is able to improve the capacity of the downstream bottleneck. To respond to this need, this study firstly proposed a VSL control model, based on a macroscopic traffic flow model. Due to the inaccurate prediction of the macroscopic model, an enhanced module is further introduced, adopting the concept of Kalman Filter. Also, considering the fact that drivers may not follow the displayed VSL in real-world applications, the computed optimal VSL value would be adjusted according to the detected compliance rate. Our extensive simulation analysis with a VISSIM simulator has revealed the benefits of the proposed VSL control model, compared with the case without VSL. Also the results indicated that the compliance rate of drivers can served as a important factor which may impact the operational efficiency of the VSL system.
Introduction
Recurrent congestion which happens on freeway segment around metropolitan area is becoming more severe with the continuous growth of commuting traffic demand. The deteriorating traffic condition always prevents fully utilizing the expensive freeway infrastructure. Building new highway is not always possible due to geometric limitation and actually is not favourable because of limited financial budget. Instead, several traffic control methods have received increasing interest since the emerging of intelligent transportation systems (ITS) in 1980s, such as ramp metering and variable speed limit control.
VSL is initially designed to reduce the speed difference (harmonize the traffic flow) on some hazardous highway segments, thus decrease the rear-end collision rate and improve traffic safety (Steel, P, 2005; Ulfarsson, 2005; Anund 2009 ). Recently, it is discovered that VSL may also have potential to mitigate traffic congestion and improve traffic efficiency in work-zones and freeway bottleneck sections. Through properly displayed and dynamically changed speed limit based on the traffic condition along controlled segment, it is believed that VSL can smooth the transition between upstream and downstream flow and prevent the appearance of shockwave. As a result, the capacity of the downstream bottleneck would not drop and the travel time and throughput may be improved.
Under the work-zone condition, besides the target to enhance safety, Michigan Department of Transportation (MDOT) (Lyles, 2003) , Lin et al. (2004) , Kang and Chang (2004) , and Kwan et al. (2007) also considered to improve efficiency when developing VSL control logic. Except the lack of comprehensive data for solid analysis by Lyles, all other studies reported that VSL control can show a better performance regarding throughput and/or travel speed.
VSL is also designed to enhance operational efficiency on recurrently congested roadways but the results may vary because of different implemented location characteristic and control algorithm adopted. The Dutch VSL experiment (1990) showed no improvement in capacity which may be attributed to its advisory purpose. Bertini (2006) analyzed the data obtained from German Autobahn 9 (A9) near Munich, Germany and found strong correlation between the VSL and dynamic of the traffic condition of bottleneck location. Most recently, Chang et al. (2011) reported a successful implementation of integrated VSL and travel time information system on MD 100 near Coca-Cola Drive which improves travel time and throughput by 10-25%.
Along another path, some researchers and engineers either use simulation method or focus on the theoretical perspective to analyze the effectiveness of VSL control. In the United State, a study on the I-495 Capital Beltway (2009) revealed that VSL can postpone the formulation of bottleneck congestion. Abdel-Aty et al. (2006 developed VSL system for I-4 through Orlando, Florida to reduce both crash risk and travel time and validate the result in micro-simulation. In Europe, Hegyi et al. (2004 Hegyi et al. ( , 2005 modified the METANET macroscopic traffic flow model to incorporate the VSL effect and adopted the model predictive control (MPC) approach to determine the optimal speed limit. The VSL effectiveness is also proved using METANET simulation. Papageorgiou et al. (2008) and Carlson et al. (2010) analyzed the effect of VSL on aggregated traffic flow behavior from theoretical perspective. In they proposed an open-loop integrated optimal control framework to coordinate ramp metering and VSL. The simulation result is promising with an approximate 15% decrease in total travel time. Most recently, Hadiuzzaman and Hadiuzzaman (2012) proposed a modified CTM based VSL control and also used the model predictive control (MPC) method to dynamically change the speed limit in real time. The VISSIM simulation result showed a 15% and 7% improvement in travel time and flow rate. Yang et al. (2013) developed two proactive model embedded with two types of objective functions, which indicates the importance of prediction accuracy and control objective.
From the literature review, one can observe that most reactive control algorithm failed to improve the traffic flow efficiency, while those proactive models can generate better control strategies. Despite the control benefit of the existing proactive models, there are still some additional issues need to be further discussed. For example, how the and number of VSLs can influence the operational efficiency of a VSL control system. To respond to the need, this study firstly proposes a prediction model based on the modified macroscopic traffic flow model, and enhances the prediction accuracy with the employment of Kalman Filter. Given the traffic flow model, one can easily predict the traffic state in the next few minutes, and an optimization model is proposed according to the prediction. For the safety concern, each speed limit would remain unchanged during prelimit from the optimization model would be adjusted according to the detected speed over the last control horizon.
This paper is organized as follows: The formulation of macroscopic traffic flow model is briefly described in the next section. After that the details of data detection along with Kalman filter model are illustrated in section 3. Based on the traffic flow model, an optimization model is introduced in Section 4. Section 5 details the system Design of simulation experiments for evaluating the performance of our proposed algorithm under the real-time control environment is reported in section 6. Conclusions and future research work are summarized in the last section.
Macroscopic Traffic Flow Model
To perform an optimal dynamic VSL control, a prediction model is required to predict the traffic state evolution, and an optimization model is needed to determine the proper speed limits, considering the complex interactions between traffic states and all control parameters. A calibrated traffic flow model is used as the basis of prediction and optimization. Due to the concern for on-line applications, the proposed VSL control model uses a linear speed-density relation for its dynamic update process. As shown in Fig. 1 , for convenience of computation, the target freeway segment is subdivided into N subsections with length , while the time discretization is based on a time interval . Firstly, it is necessary to use the conservation law to approximate the evolution of dynamic density. For each subsection i, the mean density, d i (k), during control time interval k is determined by the difference between the input and output flows:
where, n i is the number of lanes in subsection i; q i (k) denotes transition flow rate entering segment (i-1) from segment i during interval k; r i (k) is the on-ramp flow rate entering segment i during interval k; and s i (k)indicates the off-ramp flow rate entering segment i during interval k. In addition, the transition flow between adjacent subsections is taken as a weighted average between two neighboring segments flows, that is:
where, Q i (k) denotes the average flow rate in segment i during interval k; i (transition flow weight factor) can be calibrated with field measurements. Wu and Chang (1999) stated that it should be lie within the interval [0.5,1.0]. Cremer and Schoof, for example, calibrated it to be 0.95 with field data. For the average speed, u i (k), one can also establish its evolution relation with the following properly selected speed-density relation and shock-wave formation equations:
The second component describes an adaptation of the average speed to the speed-density characteristics, as:
This equation is originally formulated by Hadiuzzaman (2012) ; and the third component of Eq.(3) takes into account the density difference between downstream and upstream segment (Papageorgiou et al., 2008) , that is:
Data Detection and Kalman Filter
As shown in Fig. 2 , the proposed VSL system consists of detectors, variable speed limit signs and a central processing unit to execute control actions. For the target freeway stretch, an upstream detector is used to capture the free flow arrival rate and a downstream detector can record the bottleneck discharging rate. Also, additional detectors are placed at those on-ramps and off-ramps. Several VSLs along with detectors would be installed between the upstream and downstream detectors. In a field application, those detectors will update their collected data following a specified interval. Note that the relationship of density and speed is much more complicate in reality. However, due to the need of efficiency for on-line operations, the macroscopic traffic flow model has approximated speed-density with a linear function. Therefore, an enhanced module should be adopted to address these deficiencies. As the fact that the number of traffic variables to be estimated is usually much larger than the number of traffic variables that directly measured, some existing studies utilized the Kalman filter theory for estimation correction. The Kalman filter is an optimal state estimator applied to a dynamic system that involves random noise and includes a limited amount of noisy real-time measurements. In this section, a Kalman Filter based optimization model is t and a comprehensive control strategy.
Consider a traffic detector installed at the boundary of two adjacent segments i and i+1, as illustrated in Fig. 1 . Denote t as the time interval index of detector data updating, for the flow measurement, we have: All measurement noises are assumed zero-mean Gaussian White, and the standard variance of each measurement noise is assumed known.
For the convenience of discussion, we define vectors: estimated traffic state vector y(k) and system input vector u(k):
Therefore, the dynamic traffic flow model could be represented as: 
Optimization Model
To improve the traffic efficiency, the total travel time is a major measurement of effeteness to evaluate the VSL system. Consequently, an optimization model aims to minimize the total travel time over the control horizon is given by:
l, the VSL controlled area is started from one segment ahead of the VSL location. (21) The Transition flow rate is determined by the mean speed, density, the capacity of target segment, and the remaining capacity of the downstream segment:
where, is the maximum speed difference. The optimization model would be summarized as follows:
( ) segment i without VSL control ( ) (k) segment i with VSL control
Due to the limited number of feasible solutions, the optimization model could be solved efficiently by a simple decision tree.
System Architecture
Depending on the approaching volumes, driver compliance rate, and the resulting congestion condition of the target freeway stretch, the central processing unit will compute the time-varying optimal speed limit dynamically. However, for the consideration of safety and also to avoid of confusing drivers, the displayed speed limit is not allowed to revising frequently. In this study, we assume a T C -length control horizon in which the speed limit remains constant.
Note that the optimization model and Kalman Filter model would be activated when the new detector data is available. However, the detector data update interval T d is usually smaller than the control horizon length T C in reality, which means multiple optimal speed limits could be obtained before the following control horizon. In this study, the last obtained speed limit will be used as the next displayed speed limit as long as the variance among those speed limits is smaller than the pre-determined threshold. Otherwise the median value would be used.
In real-world application applications, it can be imagined that not all the drivers would exactly follow the displayed speed limit. Therefore, the selected speed limit would be adjusted based on the detected compliance rate. Using the detected travel speed over the previous control horizon, the optimal speed limit would be adjust based on the detected speed:
where, V vsl (t) is the displayed speed limit for control horizon t; V opt (t) denotes the selected speed values from the optimization model; ( ) d V t is the average detected speed during control horizon t. The architecture of the entire control system is shown in Fig. 3 
Numerical Example
To illustrate the applicability and efficiency of the proposed system, this study has employed VISSIM as an unbiased tool to evaluate the model performance. Using VISSIM-COM interface, this study developed a program to simulate bus operation and signal control logic by VB.NET. During the simulation, the program detects and records the real-time vehicle speeds and volumes, automatically activate the prediction and optimization models, and adjusts the The layout the tested case is shown in Fig. 4 . Based on the geometric feature, the whole freeway sketch is divided into nine segments, each of which has a length of 500 m. There are two on-ramps for flow entry which located at segment 0 and 5 respectively. Therefore, the merging area between segment 2 and 3 may cause a potential bottleneck when the upstream traffic volume is high. Also, the short distance between on-ramp (segment 1) and off-ramp (segment 0) may lead to a significant weaving effect and consequently forms another bottleneck. Based on the preliminary analysis, two VSL along with seven detectors are installed along the target freeway. It should be noted that the speed reduction point is located one segment ahead of the VSL sign since
The tested period is about two hours (6:00AM-8:00AM), which can correspond to a peak hour period. The demand pattern is represented in Fig. 5 . Around 55% traffic flows are coming from the upstream segment and the rest are from the on-ramps. Also, about 15% approaching flows take the route via the downstream off-ramp, while the rest 85% flows enter the downstream freeway. 
The deviation of prediction errors for the flow rate and speed are:
As a major MOE to evaluate traffic efficiency, the time-dependant travel time can clearly reflect the effectiveness of each control strategy. Figure 6 -(a) presents the resulting travel time from these two models with 75% compliance rate and the No-VSL scenario. Notably, the travel time starts to increase when the freeway is becoming congested (after 7:00AM). Compared with the No-control scenario, the average travel time is reduced significantly in scenario 2 and 3, demonstrating the benefits under the VSL control. Specifically, the implementation of VSL can help to release traffic congestion more quickly, indicated by the smaller travel time in scenario 2 and 3 after 7:45AM. Also, according to the comparison between scenario 2 and 3, it is easily to observe that the proposed model considering the compliance rate can outperform the basic model. Hence, it can a VSL system, even though the compliance rate is high. Figure 6- (b) . Note that during the congested time period (7:15-7:45 AM), the basic VSL model in scenario 5 failed to provide an efficient traffic control, but the travel time is reduced before the start of congestion. The proposed VSL model may not reduce the travel time during the most congested period (7:15-7:45 AM), however, it can still release the traffic congestion much earlier and consequently reduce the average delay. Based on these observations, it is obviously that the proposed model can outperform the basic model and it is more compatible to the decrease of compliance rate. Table 1 summarizes the MOEs for all scenarios. To prevent the randomness of results, the data have been averaged over 10 simulation replications. Notably, all these VSL controlled scenarios can yield reduction in both average delay and vehicle stops. Among those four, Scenario-2 is the best one which yielded a reduction of 16.08 percent on the vehicle stops and 16.38 percent on the average travel time during the two-hour period. Also, under the lower compliance rate condition, the basic model in scenario 5 cannot offer a significant reduction on both average number of stops and average delay. According to the simulation results, one can tentatively reach several preliminary conclusions from above analysis. First of all, a proper VSL system can effectively reduce the number of stops and travel time. However, efficient traffic control. Under the low compliance rate condition, the current proposed model still required improvement since the reduction of average delay is not significant. One major reason is the simple adjustment strategy of speed limit, which can limit the control efficiency.
In summary, this study has proposed a proactive VSL control model on recurrently congested freeway segments. The proactive model used embedded traffic flow relations to predict the evolution of congestion pattern and computed the optimal speed limit. To contend with the , this study also proposed an adjustment strategy according to the detected actual speed during the past time horizon. The model has been investigated with different compliance rate condition and compared with the no-VSL scenario.
The extensive simulation analysis with VISSIM has revealed that the proposed VSL control models can significantly reduce the travel time and number of vehicle stops over the recurrent bottleneck locations.
However, revealing the deficiency of the current adjustment strategy, one of our major further works is to develop a more inon-going research tasks associated with VSL implementation include: the potential of using multiple control objectives, the identification of optimal detector locations for updating traffic conditions, and the number of VMS speed displays for smoothing speed transition between free-flow and the bottleneck traffic conditions.
